Abstract. An acceleration channel has been found in the field of a focused laser beam propagating in vacuum, which shows similar characteristics to that of a wave guide tube of conventional accelerators: a subluminous wave phase velocity in conjunction with a strong longitudinal electric field component. Relativistic electrons injected into this channel can remain synchronous with the accelerating phase for sufficiently long time and receive considerable energy from the field. We call this acceleration scheme CAS (capture and acceleration scenario). The basic conditions for CAS to occur are examined and the output properties of electrons accelerated by this scheme are also presented in this paper.
region, which in effect limits the interaction region. Hence, large energy gains are obtained without limiting the interaction distance by the use of additional optics. For presently available lasers (>100TW), substantial energy gains (>100MeV) can be obtained.
This paper is organized as follows. The subluminous phase velocity region in the laser field is derived firstly. Secondly, the acceleration channel is described. Then, the dynamics behaviors of CAS electrons are discussed and the output properties of electrons interacting with the laser field are given lastly.
Numerical simulation methods used here are similar to those we used previously [13] . A four-dimensional energy-momentum configuration (y ,p x ,p y ,p z ) is used to specify an electron state, where j is the Lorentz factor and the momentum p is normalized in the units of m e c , the angle 0 = tan~l(p x / p z ) is the electron injection angle with respect to the z axis, the laser propagation direction. The electron dynamics is governed by the relativistic Newton-Lorentz equation. For simplicity, throughout this paper, time and length are normalized by 1/co and 1/k , respectively. Without losing generality, we assume that, initially electrons move freely without the influence of laser field, the center of the laser pulse and that of the injected electron bunch reach the point x = y = z = 0 simultaneously at t = 0 , At d is used to specify the relative delay between the laser pulse and an electron.
For a laser beam of Hermite-Gaussian(0,0) mode polarized in x-direction and propagating along z-axis, the phase of the Gaussian beam field is given by , , 2K(z) where (p(z) = tan~l(z/Z R ) is the Grouy phase shift, ZR=kwo 2 /2 is the Rayleigh length and/?(z) = z(l + Z R 2 /z 2 ) is the radius of the curvature. The phase velocity (V 9 )i of the wave along a particle trajectory can be calculated using the equation
(1) (2) where (V^) / is the gradient of the phase field along the trajectory. From it, we can get the phase velocity along the direction normal to the equal-phase face (The minimum phase velocity) Vqm as follows
• ~ ' For accelerating particles, in addition to the subluminous phase velocity, the field strength, i.e., the amplitude of the longitudinal electric field, is also an important factor. We thereby introduce a quantity Q that combines these two factors together to represent the ability of the laser field for accelerating charged particles. We call it acceleration quality factor, which is defined by for y^<c, and Q=0 for F^>c (5) Where QQ is a normalization constant chosen to make Q in the order of unit. In Eq.(5), l-Vq>m/c represent the contribution from the phase velocity, and the remaining term is proportional to the amplitude of the longitudinal electric field, it describes the effects of laser intensity on electron's behavior.
The distribution of the acceleration quality factor Q on the plane z=0 for a focused laser beam with kwo=60 is given in Fig.2 . It can be seen from Fig.2 that significant values of Q emerge just beyond the beam width and concentrated in the areas near the polarization plane. This is because the lower phase velocity region locates outside the beam width and the large amplitudes of the axial electric field distribute near the polarization plane. This is the favorable region for accelerating electrons and we call it the acceleration channel of the laser beam propagation in vacuum. It is also of interest to note that in the region near the beam axis, the factor Q=0 because V^n>c there. It means the region near beam axis is not good for accelerating charged particles. This is because the phase velocity here is the highest, and the amplitude of the axial electric field is small. Along the diffraction angle (~ 1/kwo), exceeding several Rayleigh lengths, the intensity of the laser field become much weaker and therefore, the effect of acceleration become inconspicuous. From the above discussions, we may say that there exists an acceleration channel in the field of the focused laser beam propagating in vacuum, which shows similar characteristics to that of a wave guide tube of conventional accelerators: subluminous phase velocity in conjunction with a strong longitudinal electric field component. Consequently, if one can inject fast electrons into this channel, then some of them may remain synchronous with the accelerating phase for sufficiently long time such that they receive considerable energy from the field. Now we turn to study the conditions under which CAS phenomenon can occur. Simulation results show that there exists a threshold value of laser intensity (ao)th which is sensitive to the beam width WQ. One can observe the CAS phenomenon only as ao>(ao)th- Fig.3 shows the electron maximum final energy yfm vs. the laser intensities ao at different beam width, yt m is the maximum value of "ft as q>o is varied over the range (0,27i). FIGURE 3. The maximum output energy y^ as a function of the laser intensity ao at different laser beam width. Solid line for w 0 =60, P x =0.9, P z =9; dashed line for w 0 =80, P x =l.l, P z =ll;dotted line for w 0 =100, P x =1.2, P z =12; and dash dot dot line for w 0 =120, P x =1.4, P z =14; momentums in ydirection in all cases equal zero, we terminate the calculation at cot=400000. In addition to the laser intensity, the electron initial incident momentum and incident angle are also important factors for CAS to emerge.
Roughly speaking, for CAS to occur, the laser intensity should be large enough as ao>5, and electrons should be injected into the laser field in a small angle (typically tan0=0.1) with injection energy ranging 5-15MeV.
The output properties of the electrons interacting with the laser pulse in vacuum are shown in Fig.4 . Our study shows that the output property of the interaction is a high-energy electron macro-pulse consisted of many micro-pulses whose duration corresponds to the periodicity of the laser field (Fig.4(a) ). Due to the fact that the incident electrons encounter all phases of each laser period, energies of CAS electrons spread widely. For the specific example of Fig.4 , the output energy range from 245MeV to 491MeV, with average energy about 356MeV and the number of CAS electrons is about 34% of the total incident electrons.
The output electrons can be roughly divided into two groups: CAS electrons concentrated in the small scattering angle region and inelastic scattering (IS) electrons correspond to the broad peaks in the larger angle region (Fig.4(c) ). The simulation results of the energy-angular correlation are roughly consistent with the equation derived from the classical Hamilton-Jacobi theory [14] (Fig.4(d) ).
The deviations are due to that we use Gaussian beam to describe the laser field, and in CAS case, the longitudinal component plays a very important role [13] . Another reason is that we set the emittance of the initial states of the electrons 0 ] .ln-mm-mrad in the calculations.
In conclusion, we find that for a focused laser beam propagating in free-space, there exists, surrounding the laser beam axis, a subluminous wave phase velocity region. Relativistic electrons injected into this region can be trapped in acceleration phase and remain in phase with the laser field for sufficiently long time, thereby receiving considerable energy from the field. The basic conditions for CAS to occur are the laser intensity should be large enough as ao>5, and electrons should be injected into the laser field in a small angle (typically tan0=0.1) with injection energy range be in 5-15MeV. The output electrons can be divided into two groups: the CAS electrons with higher energy concentrated in small scattering angle region and the IS electrons with lower energy gains scattered widely in space. The output electrons can be run through a magnetic spectrometer to select a nearmonoenergetic electron micro-pulse train. Studies show that CAS is an attractive laser acceleration scheme.
